Key points {#Sec1}
==========

Brain morphometry is an important assessment technique to investigate certain morphological brain features of various brain regions, which can be quantified in vivo by using high-resolution structural magnetic resonance (MR) imaging.Different MR field strengths and pulse sequences could possibly cause some variations on brain morphometric measurements.Combining data from different pulse sequences in a multisite study could make some variations of the results.Strict MR parameter options should be determined carefully by automated brain segmentation software packages in order to avoid any misclassification of voxels that are allocated between surrounding tissue types such as gray matter, white matter, and cerebrospinal fluid.

Introduction {#Sec2}
============

Brain morphometry is an important assessment of certain morphological brain features such as volume, surface, thickness, and shape of various brain regions such as frontal lobe, corpus callosum, and hippocampus that can be measured in vivo by using high-resolution structural magnetic resonance MR imaging technology. It has been used widely to investigate the effect and causes of certain neurological, neurogenerative, psychological, and psychiatric disorders such as epilepsy \[[@CR1]\], cognitive impairments \[[@CR2]\], autism \[[@CR3]\], and schizophrenia \[[@CR4]\]. Morphological changes in brain structures could be related to ageing degeneration \[[@CR5]\], some neurological disorders \[[@CR6]\], and treatment effects \[[@CR7]\].

Corpus callosum (CC) is the primary commissural region of the brain consisting of white matter tracts, which connects the right and left hemispheres of the brain, and allows to integrate and transfer the information between the two halves in order to process essential signals such as sensory, motor, and high-level cognitive. CC atrophy is a possible indicator of region- and cell type--specific neuronal degeneration in Alzheimer's diseases \[[@CR8]\]. The relationship between regional microstructural abnormalities of the CC and physical and cognitive disability was studied in the replacing-remitting multiple sclerosis (RRMS) patients, which concludes that regional CC imaging properties differentially explained disability within RRMS patients revealing strong, distinct patterns of correlation with clinical and cognitive status of patients affected by this specific clinical phenotype \[[@CR9]\]. Furthermore, regional CC morphometry could demonstrate that specific CC regions may contribute to the cognitive and dysfunction of multiple sclerosis patients \[[@CR10]\].

Different MR field strengths, pulse sequences, and parameters could possibly cause some variations on CC morphometric measurements \[[@CR11]--[@CR13]\]. MR field strengths for clinical purposes can vary between 0.2 and 3 T, whereas for experimental purposes up to 11 T. The effect of field strength on MR image quality has been investigated widely \[[@CR11], [@CR13]--[@CR15]\]. High-field-strength MR imaging (1.5 T and above) is considered to acquire high-quality MR images; however, it does not confer higher accuracy in the diagnosis of multiple sclerosis \[[@CR16]\]. Furthermore, a simple change of MR parameters, notably spatial resolution, contrast, and filtering, were found to systematically bias the results of automated brain MRI morphometry \[[@CR12]\]. Spatial resolution and modification in contrast resulted in relative estimated volume difference of up to 4.28% in cortical GM and 4.16% in the hippocampus between the same MR pulse sequence type with different parameters (1.0 versus 1.2 mm iso-voxel) \[[@CR12]\].

Brain structural morphometry studies require a large sample size, and in order to reduce this effect, it is recommended to optimize the imaging acquisition and analysis protocols \[[@CR17]\]. Several methods have been applied to obtain brain morphometry such as manual and automated segmentation \[[@CR18], [@CR19]\]. Brain morphometry reproducibility was investigated in multi-center 3T MRI sites, which found that longitudinal analysis yields a consistently improved reproducibility across the various sites relative to the cross-sectional segmentation, reducing the variability by about half in most volumetric estimates and in the entorhinal cortical thickness, while not significantly changing the variability in the rest of cortical structures studied \[[@CR17]\].

The aim of this study is to investigate the effect of different types of pulse sequence on regional CC morphometry analysis. This will be justified by comparing the image quality and regional CC volumetric analysis among scans of the same participants who have been scanned at the same field strength of 3 T with different MR pulse sequences (magnetization-prepared rapid gradient-echo (MP-RAGE)/modified driven equilibrium Fourier transform (MDEFT)). The main objective of this study was to identify whether scanning at the same MR field strength with different pulse sequences could affect the reliability of brain volumetric analysis.

Material and methods {#Sec3}
====================

Subjects {#Sec4}
--------

Twenty-one subjects (15 males and 6 females) with a mean age of 45 years and a standard deviation (SD) of 12 years participated in this study. All participants received the participants' information sheet and submitted consent forms prior to the examination. This study has been approved by the National Research Ethics Services (NRES) Committee North West-Liverpool Central.

MRI data acquisition {#Sec5}
--------------------

All data were acquired on the same 3T MRI scanner (Magnetom Trio, Siemens, Erlangen, Germany) equipped with an 8-channel head coil. Two different MR pulse sequences were applied to acquire high-resolution 3D T1-weighted images: MP-RAGE and MDEFT pulse sequence (Fig. [1](#Fig1){ref-type="fig"}). Scanning parameters for each MR pulse sequence are listed in Table [1](#Tab1){ref-type="table"}. As the acquisition time is quite similar between the two pulse sequences, it is important to mention that no additional acceleration techniques have been applied in this study. MR images were visually inspected in order to approve appropriate image quality and to exclude subjects with visible brain abnormalities. Fig. 1Two different MR pulse sequences were applied to acquire high-resolution 3D T1-weighted images: MP-RAGE and MDEFT pulse sequenceTable 1Scanning parameters for 3D T1-weighted images: MP-RAGE and MDEFT pulse sequence at 3 TScanning parametersMDEFTMP-RAGETR (ms)7.922300TE (ms)2.484.37TI (ms)9101100Flip angle (°)168FOV (mm^2^)256 × 256256 × 256BW (HZ/Px)190190Number of slices176176Slice thickness (mm)11Pixel spacing (mm)11Voxel size (mm)1 × 1 × 11 × 1 × 1Acquisition time (min:sec)12:5112:18

MRI data analysis {#Sec6}
-----------------

### MR image quality {#Sec7}

Image quality measurements such as SNR and contrast-to-noise ratio (CNR) were calculated for each pulse sequence images. 3D MP-RAGE and 3D MDEFT images for each participant were acquired during the same session in each scanner, maintaining their alignment. The anatomic region of interests (ROIs) include two GM structures (cortex and hippocampus) and two WM structures (corpus callosum and internal capsule), plus a ROI in artifact-free background to sample noise. The ROIs were drawn using the software ImageJ (National Institutes of Health, Bethesda, MD, USA). SNR values for GM and WM were calculated for each subject by averaging across the pair of ROIs corresponding to the respective tissue type. The CNR was then calculated for each subject by averaging across subjects for each imaging method.

### CC Volumetric analysis {#Sec8}

Surface-based morphometry (SBM) was analyzed using FreeSurfer software version 5.3. It is an automated procedure that derives morphometric measures from geometric models of the cortical surface. 3D T1-weighted images (MP-RAGE and MDEFT) were corrected for intensity bias. Gray and white matter surfaces were reconstructed by segmenting corrected T1-weighted images into GM and WM surfaces. Intracranial volume (ICV) was calculated by adding the values of gray matter, white matter, and cerebral fluid volumes together. The values of corpus callosum volume were calculated based on the vertex of reconstructed surfaces. These data were then smoothed using 10-mm FWHM Gaussian kernel in surface-space in order to improve SNR and inter-subject registration. Based on the anatomical and histological features, CC were segmented into five main sub-regions: anterior, mid-anterior, central, mid-posterior, and posterior regions (Fig. [2](#Fig2){ref-type="fig"}). Fig. 2The anatomical locations of CC including five main sub-regions: anterior, mid-anterior, central, mid-posterior, and posterior regions

Statistical analysis {#Sec9}
--------------------

Normality of residuals was tested using D'Agostino-Pearson normality test in order to quantify how far the distribution is from the Gaussian in terms of asymmetry and shape. Normality test reveals that all data were sampled from a population and follows a Gaussian distribution.

Paired dependent *t* test was applied to compare the means of two matched groups assuming that the distribution of the SNR and CNR data differences follows a Gaussian distribution. Intraclass correlation coefficient (ICC) is applied to perform inter-rater reliability among the MR pulse sequences. The paired dependent *t* test was applied as well as compare the CC volume means of the two matched groups assuming that the distribution of the corpus callosum and intracranial volume data differences follows a Gaussian distribution. All data were analyzed using GraphPad Prism for MacOS version 8.

Results {#Sec10}
=======

MR image quality {#Sec11}
----------------

No significant differences were found between the SNR values of the gray matter (GM) regions in the MDEFT and MP-RAGE pulse sequences (*t* = 0.15, *p* = 0.87). The mean SNR of the white matter (WM) regions resulted in a significant difference of up to 6% (*t* = 2.52, *p* = 0.02) in the MDEFT pulse sequence (121.77 ± 78.45) compared with MP-RAGE pulse sequence (114.47 ± 73.45). Also, the average CNR and relative contrast resulted in significant difference up to 40% and 30% respectively (*t* = 5.43 and *t* = 8.08 respectively, *p* \< 0.0001) in MDEFT pulse sequence (57.94 ± 45.38 and 140.8 ± 15.09 respectively) compared with MP-RAGE pulse sequence (34.69 ± 21.85 and 101.1 ± 20.2 respectively) (Table [2](#Tab2){ref-type="table"}, Fig. [3](#Fig3){ref-type="fig"}). Table 2The mean SNR, CNR, and relative contrast between MDEFT and MP-RAGE pulse sequencesMDEFT (M ± SD)MP-RAGE (M ± SD)Different %*t* scoredf*p* valueSNR_GM63.83 ± 33.9579.78 ± 53.00200.15200.87SNR_WM121.77 ± 78.45114.47 ± 73.4562.52200.02\*CNR57.94 ± 45.3834.69 ± 21.85405.4320\< 0.0001\*\*\*\*Relative contrast140.8 ± 15.09101.1 ± 20.2308.0820\< 0.0001\*\*\*\**p* values \< 0.05 are shown with one asterisk (\*), *p* values \< 0.01 are shown with two asterisks (\*\*), *p* values \< 0.001 are shown with three asterisks (\*\*\*), and *p* values \< 0.0001 are shown with four asterisks (\*\*\*\*)Fig. 3Mean differences graph of SNR in gray matter (GM) and white matter, CNR, and relative contrast between MDEFT and MP-RAGE pulse sequence

Total intracranial volume (ICV) was found significantly higher (*p* \< 0.0001) in the MDEFT pulse sequence (1792.4 ± 197.8 mL) compared with the MP-RAGE pulse sequence (1195.2 ± 133.1 mL) (Fig. [4](#Fig4){ref-type="fig"}). Three sub-regional CC volumes, namely anterior (*p* \< 0.0001), mid-anterior (*p* = 0.003), and posterior (*p* \< 0.0001) were found significantly larger in MDEFT pulse sequence compared with the MP-RAGE pulse sequence. Central and mid-posterior sub-regional CC volume was found no significant difference between the two pulse sequences (Table [3](#Tab3){ref-type="table"} and Fig. [5](#Fig5){ref-type="fig"}). Fig. 4Mean and standard deviation (SD) of intracranial volume (ICV) versus pulse sequences (MDEFT and MP-RAGE). Volumes are in mLTable 3Mean and standard deviation (SD) of intracranial volume (ICV) and volumetric measurements of CC regions versus pulse sequences (MDEFT and MP-RAGE). Volumes are in mL, *ns*, not significantMDEFT (M ± SD)MP-RAGE (M ± SD)*t* scoredf*p* value95.10% CIICV1792.4 ± 197.81195.2 ± 133.113.621\< 0.0001^\*\*\*\*^− 689.6 to − 506.6Posterior1.095 ± 1.5310.947 ± 0.1299.7521\< 0.0001^\*\*\*\*^0.116 to 0.179Mid-posterior0.443 ± 0.1120.439.7 ± 83.40.29210.77 ^ns^− 0.02 to 0.02Central0.476 ± 103.10.477 ± 0.1030.06210.94 ^ns^− 0.02 to 0.019Mid-anterior0.482 ± 0.860.462 ± 0.893.31210.003 ^\*\*^0.07 to 0.03Anterior0.975 ± 0.1820.904 ± 0.1815.8021\< 0.0001^\*\*\*\*^0.04 to 0.09*p* values \< 0.05 are shown with one asterisk (\*), *p* values \< 0.01 are shown with two asterisks (\*\*), *p* values \< 0.001 are shown with three asterisks (\*\*\*), and *p* values \< 0.0001 are shown with four asterisks (\*\*\*\*)Fig. 5Mean and standard deviation (SD) of volumetric measurements of CC regions versus pulse sequences (MDEFT and MP-RAGE). Volumes are in mL

Reproducibility coefficients for volumetric measurements of CC regions in the two pulse sequences (MDEFT/MP-RAGE) are presented in Table [4](#Tab4){ref-type="table"}. Reliability was very good which ranges between 0.89 and 0.95 for all CC regions in the comparison between MDEFT and MP-RAGE pulse sequences. This reliability test resulted in a statistically significant difference (*p* \< 0.0001) for all the CC regions between the two examined pulse sequences. Table 4Intraclass correlation coefficients of callosal morphometric measurementsPosteriorMid-posteriorCentralMid-anteriorAnteriorMDEFT vs MP-RAGE0.890.890.900.950.95

Discussion {#Sec12}
==========

This study examined the reliability of regional CC morphometry analysis between two different pulse sequence (MDEFT and MP-RAGE) at the same MR field strength (3 T) using an automated procedure derives morphometric measures from geometric models of the cortical surface. There is a significant difference in volumes up to 33% between MDEFT and MP-RAGE when evaluating total ICV that might be resulted in the significant differences of CNR and relative contrast up to 40% and 30% respectively. The volumes of three sub-regions of CC (anterior, mid-anterior, and posterior) were found significant differences across the two examined MR pulse sequences. Reliability measurements were found significantly high in all CC regions across the two examined MR pulse sequences.

In this study, we reported that MDEFT pulse sequence acquires a better SNR in WM, CNR, and relative contrast compared with MP-RAGE pulse sequence, while the SNR in GM seems to be similar between these two pulse sequences, which is consistent to similar study by Tardif et al. who reported that MDEFT pulse sequence achieved the highest CNR between WM and GM, and the lowest GM density variability compared with MP-RAGE and FLASH pulse sequences \[[@CR20]\]. A more recent introduced sequence MDEFT was suggested to be more favorable than MP-RAGE at high field strengths \[[@CR21]\]. It is characterized by a distinct regional bias in GM density due to the effect of transmission field inhomogeneity on image uniformity combined with spatially variant GM T(1) values and the sequence's T(1) contrast function \[[@CR20]\]. Compared with MP-RAGE, MDEFT was proposed to be relatively insensitive to inhomogeneities in the B1 field \[[@CR22]\]. SNR, CNR, and relative contrast values obtained from different pulse sequences (MDEFT/MP-RAGE) at the same field strength of 3 T were different. Relying on the findings of the current study and combining and comparing SNR, CNR, and relative contrast data of different pulse sequences (MDEFT/MP-RAGE) at the same field strength of 3 T appears to be possible. Therefore, the results of this study should be carefully assessed when comparing them to results from other field strengths.

Several methods for examining the brain morphometry are relied on high-resolution T1-weighted using (MP-RAGE) or (MDEFT) pulse sequences \[[@CR11], [@CR23]--[@CR25]\]. MP-RAGE offers good contrast between brain tissues: the gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF) \[[@CR26], [@CR27]\]. It captures high tissue contrast and provides high spatial resolution with whole-brain coverage \[[@CR28]\]. On the other hand, 3D MDEFT sequence has been optimized recently for anatomical brain imaging at 1.5 T and 3.0 T \[[@CR29]\]. It is proposed that 3D MDEFT lowers its sensitivity to RF inhomogeneity that is particularly essential at high field strengths where RF focusing effects aggravate B1 inhomogeneity, causing major signal non-uniformity in the MR images \[[@CR30]\]. It is worth to mention that bias field correction algorithm is an image preprocessing step usually used for segmentation technique in order to correct low frequency intensity non-uniformity present in MR image data and minimizing segmentation error \[[@CR31], [@CR32]\]. It was suggested that the MP-RAGE sequence noticeably improved the outlining of GM and WM and significantly reduced flow artifacts \[[@CR33]\]. On the other hand, the MDEFT consists of a saturation pulse and an inversion pulse, which is usually used to reduce radio-frequency inhomogeneity sensitivity and improves brain tissue contrast \[[@CR30]\]. MDEFT was suggested to be more satisfactory than MP-RAGE at high field strengths \[[@CR21]\].

In this study, the same software pipeline (FreeSurfer) was used to quantify the CC volume in order to eliminate the effect of different software pipelines on brain morphometry measurements. In automated FreeSurfer segmentation, the CC was found appropriate for analysis without manual correction \[[@CR19]\]. Furthermore, a constant bandwidth was applied in this study as it represents a potential difference from typical clinical conditions, under which the minimum bandwidth for each unit is generally used \[[@CR13]\]. Also, a pilot study had been undertaken in order to assess the segmentation quality of each pulse sequence before starting participant recruitment.

As only healthy subjects were recruited in this study, it is difficult to draw a definite conclusion regarding the effect of different pulse sequences on the diagnostic accuracy for some neurological cases. In addition, automatic segmentation performed for CC morphometry analysis may cause some misclassification of some voxels. In other words, given voxels were allocated in GM and classified as WM or CSF because of the limited resolution of MRI scanner. This limitation was solved by visual inspection and manual correction to ensure that voxels are representing the correct brain tissues. The result of this paper may only apply for the same version of the FreeSurfer pipeline, which needs to be compared with the other versions of the FreeSurfer package in order to evaluate the difference of measured volumes between different FreeSurfer package versions.

Conclusion {#Sec13}
==========

The findings confirm that the MDEFT pulse sequence acquires a better SNR in the WM, CNR and relative contrast compared with the MP-RAGE pulse sequence, while the SNR in the GM seems to be similar between these two pulse sequences. Relying on the findings of the current study, the variation of brain volumetric measurements between different pulse sequences (MDEFT/MP-RAGE) at the same field strength of 3 T seems to be possible. Combining data from different pulse sequences in a multisite study could make some variations of the results. Therefore, the findings of this study should be carefully assessed when comparing them to results from other field strengths and MRI scanner manufactures. Furthermore, strict MR parameter options should be determined carefully by automated brain segmentation software packages in order to avoid any misclassification of voxels that are allocated between surrounding tissue types such as GM, WM, and CSF. Future studies are required to investigate the effect of other factors such as scanner manufacturers, coil channel selections, and other pulse sequences parameters options on the MR image quality and brain morphometry analysis.
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